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ABSTRACT 

A pt  f«e*a*.Vi **w*  flights  int*:  .itrgs  Pacific  tropical  oyclones 

*r«  ttf ,>t*tain  a ' generalited  pattern  of  wind*  at  low  l*,vel  (about  1000 

f^stVtasder  V-cl&  *tkti®aftry  and  cor -stationary  conditions » Using  these  winds, 
* su^sr-3?*  dessnds.cb  -benputatl osm  hr*  made  including  relative  trajectories, 
■-itv^rgene*,  vertS-tal  aptian*  rainfall,  energy,  and  relative  vortioity* 

1.  introduction 


Up  ut,-  *vi  Id  War  XX,  nearly  all  of  the  data  available  for  the  study  of  the 
*is&  distributica  in  tropical  sterns  were  obtained  from  time  sections  of  wind 
i.fcetios  and  spaed  for  island  and  coastal  stations- • Since  1943,  however,  ithe 
solitary  6@rvi.oes  of  the  United  States  have  undertaken  aerial  reconnaissance 
"f.^tfeaae  steraa  in  ever  increasing  .cumber » It  la  the  purpose  of  this  rspert 
*a_.the  observation*  taken  cn  those  flights  tc  extend  our  knowledge  cn 

^ Uu--  * -re  of  tropical  storms* 

the  siad  sii'-v 

t.eiT’hr.iOnev 

2*  &tsri.ai- dead  and  plot, .,.. 

The  da t&  studi.ee  covers  the  period  '*.945*47*  Observable ns  taken  during 
flights'  wade  in  1945  were  obtained  tr cm.  &ivy  syrsop.v io  charts,  those  for  1946 
and  19471  from  3evy  publications  of  'tfae-.-operahi ona  of  Jfeteorological  Squadron 
One  la-  the  Pacific  and  Meteorological  Squadron -Three  in  the  Atlantic*-  During 
the  flights,  the  observations  were  made  at  relatively  short  time  intervals, 
usually  15  minutes , while  the  aircraft  was  flying  at  an  altitude  of  about 
1000  feet  in  and  around  the  axprm  oireuieMon*  From  the  fairly  large  number 
of  flights  available,  only  those  that  entered  the  eye  or  circumnavigated  the 
storm  were  sales  ted  sine©  .trs&isnent  of  the  data  necessitated  a good  know* 
ledge  of  the  position  of  the  storm  center*  Of  the  84  flights  finally  chosen 
from  some  28  storms  one- third  entered  the  eye  ana  another  one* ’third  gave 
an  estimated  position  of  the  center.  The  location  of  the  remaining  canters, 
as  well  *s  a ohoek  on  the  given  centers,  was  obtained  from  composite  storm 
tracks , 

Because  the  time  interval  between,  the  first- ~aad  last  observations  was 
frequently  up  to  six  hours,  the  observations  were  not  considered  to  be  syn- 
chronous but  were  adjusted  to  allow  for  storm  movement.  To  accomplish  this, 
the  speed  and  diT«ot4?in  ©f-moreicant  of  the -storm  were  obtained  from  the  storm 
tracks  ana  the  position  of  each  observation  was  adjusted  relative  to  the  timo 
the  aircraft  was  nearest  to  or  entered  the  eye*  After  this  adjustment,  the 
observations  were  renlofct-ed- -on  ordinary  graph  paper*  which  was  considered  to 
be  a section  of  a map* 


3.  Analysis  techniques 


Th • origin*.!  intent-  had  been  to  analyse  individual  flight*,  bn-r.  the 
parity  **t  data  sad*  unique  scluti cui  Impossible,  and  it  uae  decided  to 
compute  the  aversgs  wind  ti strj.be tion  by  combining  stems « While  the 
sacthod  initially  chosen  would  bring  out  the  individual  peculiarities  of 
storms,  tomb j. nation  yield*  a more  generalised  wind  distribution  upon  which 
thes*  peculiarities  are  superiiaposed. 

Due  tc  variations  in  storm  size  and  stage  af  maturity,  subclassifi- 
cation  was  essential  prior  to  combination*  A frequency  distribution  of 
storm  site  revealed  a biniodal  distribution  with  two  distinct  classes, 
namely  atones  whose  total  circulation  was  less  than  and  greater  than 
?£^  ktti  in  radius*  The  larger  storm*,  since  all  were  in  the  mature  stage 
of  development  and  all  were  situated  in  the  Pacific,  were  more  homogene- 
ous* While  further  discussion  will  be  confined  to  this  group,  it  may  be 
added  that  the  wind  distribution*  obtained  for  the  small  storms  ware  very 
similar  to  those  for  the  large  storms  as  presented  here*  The  difference* 
were  mainly  in  the  site  of  the  overall  circulation  and  iu  the  area  covered 
by- a particular  wind  regime  rather  .than  in  intensity  or  relative  distri- 
bution of  the  winds  • 


tha  data  for  the  large  storms  wars  taken  on  40  of  the  flights  into  13 
different  storms  and  consist  of  about  SOO  individual  wind  report**  Since 
most  of  the  flights  selected  followed  a acre  or  lee*  spiral  path  into  or 
i»ar  tn  _*borm  center  and  a spiral  .path  back  out,  the  distribution  of  the 
wind  report*  was  remarkably  uniform  throughout  the  storm  region  from  G«f,~ 

xhe  actual  combination  or  this  aa.ua  waa  aooom- 
■»  fete  ovfcant*  oriented  with  respect  to 
v wind  speed  va*  distance 
’ng  the  appropriate 


I.U  *j  " ^dw  liuiii  Utd 

pliahed  by  first  dividing  ea„ 
the  direction  of  motion  of  the  storms • a g. ... 
from  the  storm  center  was  made  for  eaoh  octant  by  ^ 

data  from  all -of  the  storms  on  each  graph.  The  number  of  ^it^  per  graph 
was  then  increased  by  combining  the  octants  to  form  overlapping  quaw~  -1  - ’ 
that  is,  octants  1 end  2 ware  combined,  2 and  3 combined,  etc*  A wind  pro- 
file  for  each  of  the  overlapping  quadrants  waa  obtained  from  the  "graphs  by 
drawing  a free-hand  fit  to  the  data  then  adjusting  this  curve  so  that  the 
sum  of  the  deviations  of  the  individual  pointR  approaohed  *oro*  IThile  the 
use  of  overlapping  quadrants  might  have  introduoed  some  false  symmetry,  in-- 
to  the  storm,  it  added  considerable  reliability  tc  the  velocity  profiles* 


Th#  radial  and  tangential  components  of  each  wind- report  wero  aom- 
puteu  .relative system  of  polar  coordinates  .with  the  storm  o enter  ss 
the  origin*  Xaeh  of  these  components  was  treated  a*  described  above  for 
the  total  wind*  Since  we  now  have  three  ourves  for  each  quadrant,  any 
two  of  whioh  uniquely  determine  the  third,  a consistency  cheok  is  in  or- 
der* 

Shi  la  tne  individual  value*  of  the  mean  deviation  for  the  2d  carves 
ranged  from  S to  13  knots,  expressing  the  uncertainties  inhere  nr  in  oh-' 
.servatlona  of  thi*  type  and  the  variation  between  storms,  only  miner  ad- 
justment of  the  total  and/or  tangential  velocity  ourves  was  necessary  tc 
obtain  internal  consistency*  This  alone  s-  ^gests  reliable  results,  and 
si£o*«  it'd*  believed  that  the  final  ourves  were  dr&an  with  sufficient 
data,  are  close  to  the  best  fit  "for  the  aai;,  »ad  are  internally  consist- 


est  M vail,  they  should  be  representative  as  s.  mean  for  tiiis  group  of  rtorms* 
&>  tM5  would  ret  b»  ■cru*  of  th*  region  wititin  <?*S°  lab  of  the  storm  - .'  orte-r 
5 xc6#  tor  fwr  cb s ?r  rat  i 0&2  occurred  there  and.  the  n r crs  duo  to  mioerbaJLn 
eto~»  centering  could  ba  l*rt»s  the  cur**#  a were  not  extended  into  this  reel on* 

4.  Stationary  stems 

fi“-s  of  th*  abovs  f.lignts,  consisting  c>f  about  50  wind  reports,  were 
sale  in  a aler a which  was  pr as tisf.liy  stationary.  These  had  to  be  treated 
*'B*whafc  differently  as  a diraoticn  of  action,  and  therewith  octants,  oc«u  .% 
ncx.  be  defined*  They  were  ©cabined  by  consider’ ng  all  of  the  observations 
ht  «yflVi nr  the  single  set  of  velocity  profiles  shown  in  Figure  1. 

Profiles  of  this  type  are  frs&quently  exprssssi  by  an  equation  of  the 
fern  rr*  equals  o,  vhere  r is  the  wind  speed,  r is  the  distance  from  the 
s-'rm  center,  a and  x are '’const-antes  Such  an  expression  is  certainly  eos” 
appropriate  for  th*  'stationary  case  where  symmetry  is  more  probable  and  where 
th#  eristea*#  of  asymmetry  naunet  be  trifled  because  of  the  method  of  ooep* 
ulna-cion  employed*  The  value  of  x was  computed  from  the  tangential  veloci- 
ty profile  by  insertion  in  the  squat!  r"'  >f  the  values  of  * *ud  r taken  from 
points  1°  and  3®  lat  from  the  storm  center.  The  figure  v"  ^•32’thu*  obtained 
was  used  to  ocepute  a profile*  This  profile  agreed  quit^  well  with  the  pro** 
file  presented  except  for  the  region  within  1°  lat  of  the  storm  center*  Here 
+-hs  computed  values  became  progressively  larger  than  the  aotrsl  values  as 
the  center  of  the  eterm  was  approached.  The  value  0o62  agrees  well  with  th# 
0.5  often  mentioned  in  th*  literature  (for  example  By^r-s  (l))  as  fitting  ofc- 
serration,  especial  Ly  when  one  conside  r tbit  the  latter  figure  usually  it 
applied  to  the  inner  portions  of  the  atom,  ::.«*,  within  2°  lat  of  the  center. 
The  deviation  of  the  actual  values  from  the  computed,  in  this  inner  region 
indicate  use  of  a figure  somewhat  less  than.  0*62  for  this  region  alone*  On 
the  other  hand,  the  figure  of  1*0  as  found  in  the  well-known  simple  vr  vor- 
tex would  be  approached  if  only  -the  cuter  portion  of  the  storm  were  ocusider- 
od. 


Values  for  divergence  and  vorticity  computed  from  Figure  1 are  given  in 
rd gut*  2m  The  method  of  computation  is  discussed  in  a later  section.  Refer- 
ence to  both  Figures  1 and  2 will  show  that  in  spite  of  a radial  component, 
directed  inward,  divergence  exists  to  withib  almost  l„5Cr  let  of  the  storm 
It  Is  quit#  t : isible  that  this  region,!.®*,  where  the  divergent*' 
shift*  over  to'convcrgtacfji*  the  “region  of  the  bar  of  the  storm  as  des- 
cribed by  Syer#  and  other**  for  it  1#  hersL-tlx&t  ih*  intense  convergence, 
and  therewith  upward  metien,  necessary  to  produce  the  solid  .w**e . cf-  zvemr- 
"Tonfrabo*  known  as  tfi»  bar  is  firsl  found* 

5„  Moving  storms 


Basic  distributions  c 
v? 


the  .anna a Field  distr  ibutions!  of  the  total  windr 


*pe-id  and  iU  components  war#  determined  for  the  moving  storms  by  the  select- 
ion ®f  values  from  .the  adjusted  velocity  profiles  described  aarlier  and  pJou- 
risg  them  in  their  rcvp^-otive  pestt-ioar  on  a map  grid.  Figure  3 gives  r.he 
distribution  of  the  total  wind-speed  resulting  from  such- a 'nroen&dnre" after 

4we«nff^  isotadhs*  Since  the  velocity  profiles  cniy,  extended  to' within  0,Fr' 
lav- -pi  the  sttfrs-nenfcer, -ths  ifenemfbS't  isnua'cha  and  particularly  the  grad- 
ient around  the  eye  are  unsub's t* nria tsu • Th*  location  and  magnitude  if  th* 


w,y  1mm*  in  tbs  ^\ght  rear  q uadi-e*:*  is  -'erini-tely  shown  by  the  data,  how- 
ever. ?urh  a distributive  ■»»*  «rv.ftt#d  aad  is  supported  by  both  Clisft** 
study  of  3*ribb#*n  C7?s2©n#«  (/?-;  said  Sapparmana* s study  of  Riilippjse  ty- 
phoon* (ft).  It  is  rather  x*i*rksbi*  however  that  a maximum  greater  than 
knot©  s#i  obtsised  when  on*  consider*  tbs  averaging  pr&osss  used  to 
obtain  the  values*.  At+'bon-h  thi •?  distribution  is  far  large  storm*  In  the 
nww«r«  stage  of  •i^?eiorrw»rtf  -n«  might  note  the  relawv&Jy  snail  area  of 
the  -^ireulatian  c-uvered  by  winds  strong  enough  to  be  t-cnaiiersd  typhoon 
*inas,  !•«!.,  65  fov-us  and  higher. 

Suoh  ?»  pattern  cf  wind*  could  result  froa  the  superposition  of  a uni** 
form  basic  current  on  a radialiy  syaaastric  Torts**  for-  looking  downstream 
along  the  c-r.~rr.dt , the  current  weald  reinforce  the  vortex  winds  to  the  rignt 
and  zetaru  tnoae  to  the  left  of  the  vertex  c-er.+er.  In  an  attempt  to  find  the 
speed  of  such  <%  basic  our  rent,  the  component  of  the  wind  parallel  to  the  di~* 
rrotlon  of  morem*nt  was  detersdivod*  Integration  of  this  component  over  an 
v-s  * approximately  lat  in  radius  yielded  * value  for  the  current  of  about. 

the  scan  speed  of  so~$ui6u  t (1C  knots)  of  the  storms » the  value  mas  the 
iame  regardless  of  the  radius  of  th*  area  chos*m  for  integration.  While  the 
value  determined  froa  the  data  my  be  right,  sene  discrepancy  in  this  direct- 
ion would  be  axpeoted  to  result  from  suoh  a comped.  t»  picture  and  froa  th* 
use  of  overlapping  quadrants.  While  removal  of  all  the  possible  discrepancy 
would  affeet  the  individual  profiles  only  a small  amount-,  it  would  be  in  a 
direction  that  would  give  a more  asymmetric  distribution  of  winds  than  thst 
indicated. 

The  tangential  and  radial  component*  are  given  in  Figures  4 and  6 re- 
spectively. the  distribution  of  the  tangential  component  is  extremely  si- 
milar to  that  of  the  total  wind  speed,  differing  mainly  by  but  five  to  ten 
knots  in  its  magnitude. 

The  incurvature  field  (angle  of  inflow)  as  computed  from  the  wind  fields 
given  above  is  shown- in  Figure  6#  SUOn  * field  has  bees,  described  by  Ferre! 
(4)  as  resulting  from  the  steady  translational  motion  of  a vortex  which  has 
a relatively  uniform  incurvature-  wnir-h  »oiild  lead  ana  to  dadu^a  that  -*£»«. 

try  Ilf  the  orm  1*  due  to  it*  motion.  Observations  of  Hall  ft) 
and  Cline  agree  -with  the  Value?  in  Figure  6 to  the  9*-r<»nfc  that-  they  Found 
i no vtt— nature  ro  be  at  a mlnjjsna  in  the  front  portion  at  the  storm  and  at  a 
maximum  to  th#  rear. 

From  Figure*  b and  € it  mi  gat  seen  that  th#  air  ir,  ih»  left  rose  q«*d« 
X'i.nt  oi*  S;v  »&»  approaching  the  storm  center  at  the  most  rapid  *-*“ 

but  because  of  the  movement  of  th#  storm,  this  is  not  the  case*  To  stain 
the  true  picture  of  iB?l<wP  we  must  sub  tract  the  storm  move  merit  frtr  th-  to- 
tal vs'  city  field  ana  then  obtain  the  radial  veiooity  relative  to  the  mov- 
ing center  (Figure-?)  • now  see  that  it  is  the  air  is  the  right  front 
quadrant  whl  *h  is  really  approaching  the  n^rar  at  bite  most  rapid  rate# 

*p  otv*.in  a complete  pictur*  of  the  flow  relative  to  +b*  moving  center, 

* set  of  relative  trajectories  was  constructed  (Figure  8).  ^heso  trajec- 
tories indicate  that  the  air  ft;**  the  right  f*-or.i  quadrant  v-eaches  the  -an- 
var*  lu  Isas  time  than  that  from  any  other  sector.  For  example,  the  tie*  re- 
paired  fqr  a psrcei-!'-^  -sly  trc%  the  right  front-  -q-;  a Iran*  to  move  from  * point 
#°  lat  from  the.  center  to  within  0.6^  lat  of  the  center  is  slightly  star  11 
huure,- whereas  a parcel  Treat  the  -eft  rear  quaoranfe  requires  nearly  tblc* 


that  long  to  c<5 v»r  the  same  radial  distant* ® The  partis  in  the  r«a*  travel  a 
iiiush  greater  distaso*;-  of  course* 

Fields  of  divergence  and  ve-"ti&al  ret Ion a TJaiug  tne  basic  wjjaa  da-,*  jurt 
given „ a number  of  subsidiary  computation!  w«r«  made  assuming  -the  dat*  to  exist 
in  an  individual  storm®  One  of  tk#  most  important  of  these  computations  is  that 
of  the  divergence* 

The  mean  horizontal  velocity  divergenoe  in  any  region  may  be  compiled  from 
the  expression 


where  A is  the  area  over  which  the  diverges©*  i*  measured  and  Ca  i*  the  wind 
occponent  normal  to  the  distance  S extending  along  the  boundary" ef  A and  defined 
positive  inwards  The  divergence  was  computed  for  the  eight ‘cverlappicg  quadrants 
by  use  of  the  above  formula  over  aranc  bounded  by  circles  0«5°  1st  apart  end  by 
-edit  90°  apart „ The  divergence  field  was  approximated  by  plotting  the  computed 
v»>  ee  in  the  center  of  the  trM>  of  computation.  and  then  drawing  isolines 
(Figure  9).  Divergence  is  Indicated  whore  the  value*  are  positive  and  oenverges.06 
where  they  era  negative®  Since  the  density  is  practically  constant  over  the  area 
under  consideration,  this  pattern  can  also  be  considered  as  representing  that 
of  horizontal  mass  divergence » 


It  should  be  noted  that  a large  amount  of  divergence  exists  here  as  in  the 
case  of  the  stationary  storm®  Fully  half  the  storm,  centered  on  the  right  front 
quadrant  is  divergent  to  within  2°  lat  of  the  ©enter,  with  the  maximum  convergence 
in  the  rear  of  the  storm.  This  would  indicate  that  a rapid  transition  from', 
fairly  clear  ald.es  to  heavy  clouds  and  rain  takas  place  well  in  toward  the  storm 
center  in  the  fosward  position  of  the  storm,  whereas  the  rear  portions  have  much 
mere  cloudiness®  This  i»  often  observed  to  occur,  but  the  data  of  Deppermann  and 
Cline  do  not  substantiate  it,  for  they  found  that  the  greater  portion  of  the  rata 
ooourred  in  the  forward  portion  of  the  storm®  This  apparent  lack  of  verification 
is  probably  due  to  the  faot  that  their  observations  were  from  land  stations  where 
the  sudden  change  in  the  amount  of  surface  friction  as  the  storm  moved  f-om  water 
to  land  oould  cause  much  additional  convergence  and  rainfall# 

The  location  of  the  bar  of  the  storm  can  be  seen  here  also,  as  in  the 
stationary  case,  being  it  t/«e  region  of  the  strong  gradient  of  the  divergence* 

It  might  seem  odd  that  the  region  of  divergence  is  also  the  region  of  most  rapid 
inf’  ur  relative  to  the  moving  storm  center . But-  amoe  the  term  involving  the 
tangential  component  is  much  less  important  in  the  divergence  than  that  involving 
4 he  radial  component  (see  Figure*  4 and  5),  it  is  this  latter  term  that  governs 
the  distribution  of  divergence,  and  vr  must  inorease  inward  rapidly  to  create 
divergence* 


The  divergence  and  vertical  motion  are  closely  related  through  the  continuity 
equation,  for  the  equation  states  that 
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voder  the  conditions  of  temperature  and  pressure  prevailing  is  tropi 
the  density  term  would  be  at  least  on*  or d * j of  itude  less  than 


storm* , 

computed 


divei genoe,  at  to  within  0*5°  lat  of  the  storm  center.  Than  neglecting 

the  density  t#r»  and  integrating  the  ubov*  expression  with  respect  to  JS 
we  obtain 

VV  **  - f Dw.  V£z  * ~*  pTv^V 

Jo 

Since  the  values  of  divergence  in  Figure  9 represent  Div*  VX 
they  also  represent  the  vertical  velocity  of  the  air  in  cm  per  second  at  1 km 
when  the  computed  divergence  is  assumed  to  be  tha  mear>  from  the  surface  to  that 
level.  Thus  this  figure  also  gives  the  field  of  vertical  motion  with  negative 
vaiuaa  indicating  upward  velocities.  It  also  shows  that*  in  the  mean,  there  is 
relatively  little  upward  motion  to  within  2°  1st  of  tfeo  storm  oentsr  but  inside 
this  radius  it  increases  very  rapidly.  The  neglect  of  density  changes  could 
cause  this  computed  to  be  up  to  about  10  percent  too  large. 

Rainfall  and  energy  computations 8 Rainfalls  and  through  it  the  latent  heat 
re  leases  can  also  bo  ccaputed  from  the  basis  data. 

In  a steady  state  with  no  leas  of  moisture  from  the  top  of  the  storm  (all 
low-level  moicture  influx  Is  precipitated),  the  amount  of  rainfall  can  be 
computed  by  equating  the  flux  of  moisture  (?)  through  a circle  around  the  Htorm 
center  to  the  total  rainfall  within  that  area#  With  the  model  proposed  by 
Riehi  (6)  in  vhich  most  of  the  outflow  takes  place  above  10  km,  the  moisture 
loss  from  the  top  of  the  etorm  would  be  less  than  five  percent  of  the  low-level 
influx  if  we  can  neglect  the  liquid  water  loss.  This  is  so  because  the  mean 
specific  humidity  of  the  outflow  would  be  less  than  1.0  gm  per  kg  even  under 
saturated  conditions,  while  at  low  level  it  is  at  least  16.5  gm  per  kg.  Since 
tie  liquid  water  lose  ahould  also  be  email;  we  shall  consider  the  rainfall  equal 
to  the  moisture  flux  and  obtain 

F~  2irrVrj$  i?-  =■-  Try1  R , 

•nd 


where  R is  the  amount  of  rainfall  par  unit  area  per  "nit  time, A P is  the 
iayen  through  which  all  of  the  flux  takes  place,  and  tr  Is  the  mean  value  for 
che  spaeifis  humidity  xu  that  layer.  Taking  the  mean  value  of  v*  at  various 
radii,  j » 18*8  gs  per  kg  (obtained  from  the  mean  hurricane  sounding  after 
Sohaoht  {?)«»  and  ®rI00  mb  (see  Riohl),  the  Tallies  of  S in  as*  per  dav 
were  computed  and  are  given  in  Table  I,  columns  2 end  3*  These  values  are 
«uch  that  if  the  sturm  passed  directly  ever  a station  while  noving  in  a 
straight  line,  there  would  have  b»«n  a total  rainfall  of  about  II  inches 
i»  48  hours,  this  appear*  to  b«  a reaacnabla  value.,  for  Cline  found  8 to  10 
jjsihe*  occurring  nader  similar  sondi tout  in  hie  Atlantic  storms. 

Since  the  rainfall  *jr  c««p«t.*d  was  completely  dependent  on  the  radial 
ooepeuent  of  the  wind  acd  the  divergence  was  nearly  so,  the  rainfall  pattern 


should  be  quite  similar  to  this  letter  pattern. 

Multiplication  of  the  rainfall  values  by  the  area*  the  heat  of  condensation, 
and  the  mechanical  equivalent  of  heat s give  the  energy  ro"!  ep.se  per  day  as  shown 
in  column  1 of  fable  I.  Longley  (8)  computed  the  iaten  heat  r8ies.se  in  «u 
Atlantic,  hurricane  using  actual  precipitation  reportg,  Hia  value  of  1?9  r 10*”® 
for  a S°  iat  radius  compares  well  with  the  4.36  value  in  Table  1. 

Tne  loss  of  energy  within  the  storm  is  much  more  difficult  to  evaluate 
due  to  the  nvuabsr  of  faat-^r*  involved  and  to  the  lack  of  adequate  data  to 
calculate  them*  Is  an  attempt  to  find  the  order  of  magnitude  of  the  energy 
loss  duo  to  6H  face  friction  alone*  Taylor's  form  of  the  frictional  foroe 
E P *ras  us®d  (9),  Since  the  winds  at  h*nd  are  for  a level  around  1000  ft. 
a value  of  K somewhat  lower  than  the  .0025  usually  found  w**h  anemometer-level 
winds  roust  be  used.  Assuming  a value  for  K of  .0015*  multiplying  Taylor's 
expression  by  V0  and  then  integrating  with  respect  to  area  and  time,  we  obtain 
fro  total  energy  loss  due  to  surface  friction*  The  value  obtained  for  that 
ortion  of  the  storm  within.  4°  lat-  of  the  eent-»r  amounted  to  about  two  per  cent 
cf  the  energy  gain  for  the  portion.  Of  oouj^j  this  figure  does  not  include 
energy  dissipation  due  to  internal  or  lateral  friction.  However,  it  is  such 
less  than  the  12  per  cent  given  by  Eieh.l  a3  the  maximum  amount  of  heat  energy 
that  can  ba  converted  into  kinstio  energy.  The  ratio  of  energy  gain  to  energy 
loss,  whioh  amounted  to  60,  oompares  well  with  the  value  of  44  obtained  by 
Roriguti  (10 ) in  an  Okinawa  typhoon. 

Vorticity  computation  ; The  mean  relative  vortioity  of  a region  may  be 
expressed  as 

Cr  “ A / ct  > 


where  is  the  tangential  component  of  the  wind  along  the  distance  S.  Using 
this  expression,  the  vorticity  was  computed  for  the  same  areas  as,  and  in  a 
manner  similar  to,  the  divergence.*,  The  result  is  shown  in  Figure  10. 


The  relative  vorticity  may  also  be  expressed  as  the  sum  of  a shear  and 
a curvature  term.  In  the  case  at  hand  the  sheer  term  is  negative  and  quite 
largo*  ranging  from  one-half  to  four  times  the  value  of  the  Coriolis  parameter 
at  the  mean  latitude  of  the  storms  (see  Figure  3).  The  curvature  ^erm  is 
positive  and  the  high  wind  speeds  combined  with  ths  small  radii  cf  :urvaiure 
make  it  so  large  that  it  is  everywhere  even  greater  in  absolute  value  than  the 
shear  term.  In  fact  it  is  lust  where  the  shear  term  has  its  largest  negative 
value  that  the  relative  vorticity  has  its  largest  positive  value.  The  relative 
vorticity  as  well  as  the  absolute  vorticity  therefore  is  everywhere  positive. 

Using  the  fields  of  vorticity  and  divergence  given  abovs,  the  vorticity 
equation  as  given  by 


J_  dC 
C At 


was  evaluated  along  the  relative  trajectories.  The  variations  in  f were  ■* » ktn 
from  the  value  at  29®¥*  which  was  the  sesn  latitude  of  the  atom  centers* 


”8” 

Fins  coffipu^itloriB  were  mads  c-ver  trajectories  which  reared  from  a fraction  of 
*a  hour  to  several  hours  ir  ls-gv-h.  Most  of  the  confutations  were  in  the  inner 
portion  of  the  store  since  both  the  v'orti<'*xv  and  divergence  fields  were  ill- 
defined  at  the  outer  region*#  All  quadrants  of  the  storm  « ere  covered*  The 
seen  value  of  the  computations  gave  a result  in  which  the  divergence  value 
was  about  half  the  value  necessary  for  equality  to  result-  from  the  equation* 

The  individual  computations  did  not  deviate  fro-  th*  mean  a great  deal*  Of 
the  terns  in  the  complete  verb i city  equation  which  were  omitted  from  the  c am- 
putation* the  solenoid  tens  ie  probably  quite  close  to  sero  and  the  verticity 
transport  tana  is  small  so  that  if  the  complete  equation  is  to  balance-  there 
mast  be  some  friction  effect  operative*  the  nature  of  which  it-  is  beyond  the 
scope  of  this  paper  to  determine* 
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6*  Surasary 

A number  of  serial  reconnaissance  flights  into  large  mature  tropical 
storms  were  combined  gating  a generalized  wind  distribution  for  such  storms* 

The  d&ti  taker.  in  a stationary  store  were  treated  separately  by  combining 
ail  of  the  data  into  a single  set  of  velocity  profiles  fer  the  total, 
tangential  and  radial  velocities*  The  tangential  velocity  curve,  when 
approximated  by  an  expression  of  the  form  vr*  equals  c,  gave  a value  for 
x of  0.£2«  Diver ganoe  and  vortieity  curves  were  computed  from  the  wind 
profiles  with  the  divergence  curve  having  positive  values  to  within  1.5° 
lat  of  tb*  storm  center  and  then  siiifting  over  to  a region  of  strong  con- 
vergence which,  sight  be  associated  with  the  bar  of  the  storm* 

cr  the  moving  storms  a field  distribution  of  each  of  the-  components 
of  t.*e  wind  was  possible*  The  field  of  total  wind  speed  had  a maximum 
greater  than  90  knots  situated  to  the  right  of  t^e  direction  of  motion 
when  looking  downstream  along  this  direction.  The  pattern  in  general  was 
supported  by  observation*  The  tangential  component  looked  very  similar  to  that  of 
the  total  wind  while  the  radial  component  had  a pronounced  maximum  in  the 
rear  of  the  storm.  The  incurvature  field,  radial  component  relative  to  the 
moving  center,  and  relative  trajectories  were  constructed.  The  latter  two 
fields  plainly  showed  that  it  is  the  air  in  the  front  portion  of  the  storm 
that  is  really  approaching  the  storm  center  at  the  most  rapid  rate  instead  of 
that  in  the  rear,  as  one  might  erroneously  ga  ‘whs!*'  from  the  first  radial  component 
field.  In  general  it  required  from  12  to  24  hours  for  the  air  to  travel,  from  a 
point  4°  lat  from  the  storm  center,  along  the  relative  trajectories  to  within 
f>.8°  lat  of  the  eenter  . 

From  the  basis  wind  fields  for  moving  storms  a number  of  subsidiary 
computations  were  made  assuming  the  data  to  exist  in  an  individual  storm. 

Inoluded  were  "computations  for  divergence,  vertical  motion,  rainfall, 
latent  h3at  release,  surface-frictional  energy  dissipation,  and  vortieity. 

The  divergence  field  again  showed  a large  area  of  divergent  flow. 

Almost  half  of  the  storm  centered  on  the  right  front  quadrant  is  divergent. 

The  region  of  the  bar  of  the  storm  is  also  apparent  near  the  storm  center 
w’nere^fche  gradient  of  the  divergence  increases  sharply. 

The  vertioel  motion  field  is  obtained  from  the  divergence  field  simply 
by  ehanglrg  the  sign  of  the  divergence  values  when  It  is  assumed  that  the 
divergence  is  a naan  through  a 1 km  layer  and  the  small  variations  in 
density  are  neglected*  Therefore  the  sane  deductions  would  arise  from  it. 

As  the  distribution  of  rainfall  is  also  closely  associated  with  the 
distribution  of  divergence,  these  two  patterns  would  be  very  similar. 

The  amount  of  rainfall  was  computed,  by  equating  it  to  the  low-level  influx 
of  moisture ; it  was  found  that  if  the  storm  passed  directly  over  a station, 
about  11  inches  of  rain  would  rail  in  the  48  hours  required  for  passage. 

The  ratio  of  v ' gauss  u?  0?i92“gy  *tio  itxc i 3ZL& 3 loss  “feo 

the  wee  surface  amounted  to  60.  "he  order  of  magnitude  was  10^  ergs  per  day. 

The  vorticity  field  had  a ysattern.  i*uite  similar  to  that  of  the  diver- 
gence field.  The  ~ cr ticity  vw'  everywhere  positive  because  tn*  high  wind 
speeds  and  sa&li  radius  of . sure* turd  -allnsed- the -ppsi-tive  cujvature  term 
to  be  t ha t_.  i t c osu r t u> ly  overc'ii&e  the  large  negative  shear  term. 


?,  Remarks 


The  fsregeing  shea]  pro. 11*  a.  good  picture  sf  the  general! zed  large  tropical 
cyclone  in  the  mature  e r.ge  *f  development  evar  the  {csia,  since  ail  ef  the 
pressing  calcul^r  ion*  *r#  internally  consistent  end  many  havs  seen  camp  “red 
with  ebser-ratiens  in  individual  stars*  and  with  the  work*  ef  other  author*,  with 
favorable  result,' , 

When  atterpt ing  te  cesp*rc  the  werk  ef  th  i*  rr  with  actual  storms,  it 
suet  be  realized  that  the  micrestructure  ef  the  individual  starnis  and  variation* 
between  storms  were  almost  entirely  averaged  out,  so  that  eny  specific  stem 
mi ght  vary  asaaiderably,  in  its  dstai.ls,  from  the  generalises  picture  presented. 
These  details,  however,  would  be  super  imposed  on  this  general  ired  picture  and  net 
free  ef  it*  influence. 

In  the  study  ef  tropical  cyclones,  as  in  any  ether  phase  ef  meteerelegy,  there 
is  n*  substitute  far  data.  Since  research  en  tropical  storms  must  be  carried  out 
mainly  ever  the  open  ocean  areas  where  the  stems  »r  e free  ef  the  complications 
introduced  by  land  influences,  aerial  reconnaissance  provide*  practically  the  enly 
source  ef  iiaferaatioi . Te  enable  further  study  ef  these  stems,  se  that  their 
individual  peculiarities  a»y  eventually  be  knewn,  it  If  hoped  that  advances  in 
radar  and  similar  innevatiens  will  eventually  provide  the  naans  far  a number 
ef  aircraft  tn  observe  a single  storm  at  the  same  time  and  thereby  provide  a number 
ef  ebser  itiens  at  different  levels  witheut  the  averaging  process  ef  combination, 
ouon  ecservatiena,  when  aeseciated  with  accurate  positioning  of  the  aircraft, 
reliable  observational  techniques,  radar  phetograjh  s and  detailed  narrative 
summaries  frem  the  flight  numbers,  would  quickly  lead  te  a much  fuller  under  standing 
ef  the  structure  ef  tropical  stems. 


Aeknowlsd  ^/u5uw» 
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Fig 


Velocity  profiles  in  knots* 
(Stationary  ease) 


Fig*  2.  Divergence  and  voj*tioity 
profiles  in  units  lC^seo'"" . 

(Stationary  case) 
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Ft*.  5*  Radial  velocity  in  knots. 


Fix*  Ss  Incurvature  Field  in  degress. 


*Iti  figures  5 t&rougn  iO,  the  arrow  indicates  the  direction  of  et-or®  ac"*c»3t«afc# 
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